Introduction {#sec1}
============

Nucleic acids (DNA and RNA) have become an active field of research because of their biological significance as genetic information carrier. DNA is used as microarrays for gene expression analyses and as detector for single nucleotide polymorphism.^[@ref1],[@ref2]^ Research on DNA has also extended to nanotechnology as a powerful tool in molecular transport devices, molecular computing devices, and molecular motors.^[@ref3]−[@ref7]^ In addition, DNA bestows the suitable condition for protein synthesis.^[@ref8]^ Nucleic acids are not stable in aqueous solutions at room temperature for long periods (months) due to degradation of nucleobases and inherent chemical instability.^[@ref9]−[@ref11]^ DNA in aqueous solutions denatures easily at non-physiological temperature, pH, and ionic strength, and small volumes of aqueous solutions at high temperature under open air condition undergo evaporation causing constraint to the DNA storage.^[@ref9]^ Therefore, long-term storage of DNA at room temperature and its functionality in nanotechnology needs attention of solvents free of aqueous buffers.

At the end of 20th century, ionic liquids (ILs) were considered as attractive alternatives to water and organic solvents due to their distinctive properties like low vapor pressure, low toxicity, high thermal and chemical stabilities, inflammability, and high conductivity.^[@ref12]−[@ref14]^ These remarkable features of ILs have made them applicable to various fields such as separation,^[@ref15],[@ref16]^ synthesis,^[@ref17]^ catalysis,^[@ref17]−[@ref19]^ electrochemistry,^[@ref20],[@ref21]^ dissolution,^[@ref22]^ etc. Two parameters of ILs  to be exploited highly for the interaction of IL with bio-macromolecules are low cytotoxicity and high biodegradability. Many research groups have studied the interaction of room-temperature ionic liquids (RTILs) with DNA considering the above two parameters. Currently, the explanation of binding mechanism of IL with DNA is controversial. Cheng et al.^[@ref23]^ in their article suggested that cationic part of \[Bmim\] \[PF~6~\] intercalates inside the DNA base pairs, whereas Ding et al.^[@ref24]^ later explained that both electrostatic and hydrophobic interactions play crucial role in DNA-\[Bmim\] \[Cl\] IL binding. Hazra et al.^[@ref25]^ reported another IL guanidinium tris(pentafluoroethyl) trifluorophosphate (Gua-IL), where cationic headgroup interacts with negatively charged phosphate backbone of DNA that helps in compaction of DNA structure. Samanta et al.^[@ref26]^ in their spectroscopic and molecular docking study, reported groove binding of calf thymus (ct)-DNA by Morpholinium ILs. Prasad et al.^[@ref27]^ studied choline-based bio-ionic liquids choline glycolate and choline pyruvate for long-lasting structural and chemical stabilities of DNA, where they mentioned that significant hydrogen bonding and electrostatic interactions between DNA and ILs are responsible for this stability. While studying influence of ILs on DNA-ethidium bromide (EB) complex, Maiti et al.^[@ref28]^ claimed, choline-based bio-ionic liquids enhance the stability of DNA than imidazolium-based ILs, and the mode of binding between DNA and choline-based ILs (choline lactate and choline acetate) were considered to be multimodal. Recently bio-ILs like cholinium chloride, cholinium dihydrogen citrate, and cholinium bicarbonate have been reported by Khan et al. for biomolecular interactions, where they found electrostatic interactions through the minor groove.^[@ref29]^ Traditionally used imidazolium and pyridinium-based ILs are neither biodegradable nor non-cytotoxic.^[@ref30],[@ref31]^ They contain mostly halides and are obtained from nonrenewable sources and hence not ideal choice for biomolecular applications.^[@ref32]^ Thus, the quest for bio-ILs with less cytotoxicity is highly demanding and challenging, and the ambiguity in the mode of interactions needs to be unclouded by further detailed studies. In this regard, another class of bio-ILs, namely, choline amino acid ILs (CAAILs) like choline glycine \[Ch\] \[Gly\], choline alanine \[Ch\]\[Ala\], and choline proline \[Ch\] \[Pro\], are found to be promising being synthesized based on the principles of green chemistry.^[@ref33]^ In the CAAILs, the cationic part choline being an essential micronutrient is nontoxic and biodegradable, and the anionic part amino acids are naturally abundant, have stable chiral centers, and are not expensive.^[@ref32]^ Molecular structures of both cation and anions are shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf). The advantages in the synthesis of CAAILs are their byproduct water which can be used completely, and low cost of CAAILs compared to imidazolium-based ILs and other bio-based ILs prioritizes its application in biomolecular sciences.^[@ref34]−[@ref36]^ Recently synthesized CAAILs have been used mostly in catalysis, old paper preservation,^[@ref37]^ biosensor,^[@ref38]^ and proton conduction,^[@ref39],[@ref40]^ but their importance in biomolecular (DNA, RNA) interactions has not been explored in detail. Hence this study is aimed at systematic understanding of DNA--CAAIL interaction by deploying many spectroscopic techniques, namely, UV--vis absorption, steady-state fluorescence, time-resolved fluorescence, DNA melting study, circular dichorism (CD), and scanning electron microscopy (SEM). Thermodynamics of DNA--IL interaction was studied with isothermal titration calorimetry (ITC) experiment, and the mode of binding was established by molecular docking and molecular dynamics (MD) simulations.

In addition, ethidium bromide (EB) and 4′,6-diamidino-2-phenylindole (DAPI) dyes (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf)) were used that bind with DNA as intercalator and groove binder, respectively, to have a comparative understanding of the unique interaction of DNA with CAAILs. We hope this work will provide intriguing physical insights on the role of bio ILs for safe storage and application of DNA.

Results and Discussion {#sec2}
======================

UV--Vis Spectroscopy {#sec2.1}
--------------------

UV--Vis absorption measurement is one of the simplest but efficacious methods for investigating the DNA-IL interaction. Any change in position and absorbance maximum of the DNA in its bound and unbound form with ligand (IL in this case) is an indication of DNA--IL interaction, and the mode and strength of binding can also be determined from the shift.^[@ref41]−[@ref46]^ Covalent and noncovalent binding are the two types of binding modes possible for DNA--IL complex.^[@ref45]^ Hyperchromism with red shift (bathochromism) in absorption maxima is the characteristic of covalent binding.^[@ref47]^ Noncovalent binding is further classified into intercalative, electrostatic, and groove binding. Hypochromism with bathochromism is indicative of intercalative binding,^[@ref48]^ whereas lower hypochromicity without bathochromic shift is indicative of electrostatic,^[@ref49]^ and groove binding is characterized by no or minor change in UV--vis spectra.^[@ref29],[@ref50]^ Hyper- and hypochromicities with moderate blue shift of the absorption band can be an indication of more than one type of interaction leading to the formation of DNA--ligand adducts.^[@ref29],[@ref45],[@ref51]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a and [Figure S5b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf) show absorption spectra of EB dye and DAPI dye with their complexes with 50 and 100 mM \[Ch\] \[Gly\] IL, respectively. Similar nature of all the three spectra indicates no binding between EB and IL. As depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, while measuring absorbance of DNA at 260 nm, hyperchromism with moderate blue shift (3--4 nm) was observed from free DNA to DNA with 50 mM \[Ch\] \[Gly\] IL. This indicates the possibility of more than one type of interaction between DNA--IL complexes. Hypochromic and bathochromic shift of EB--DNA complex from EB as observed in [Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf) indicates intercalative binding of EB with DNA. Groove binding of DAPI to DNA is also shown in [Figure S5c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c shows effect of addition of different concentrations of \[Ch\] \[Gly\] IL with fixed concentration of DNA--EB complex. Minor change noticed in the absorption spectra of added IL to DNA--EB complex is due to preferential binding of IL with DNA (groove binding) but not with EB. Similar binding pattern is also observed in case of DNA-DAPI-IL system as shown in [Figure S5d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf).

![(a) Absorption spectra of free EB (10 μM) and EB-\[Ch\] \[Gly\] system varying the amount of ILs (50 mM and 100 mM) to a fixed concentration of EB (10 μM). (b) Absorption spectra of free DNA(60 μM) and DNA-\[Ch\] \[Gly\] system varying the amount of ILs (20 and 50 mM) to a fixed concentration of DNA (60 μM). (c) Absorption spectra of DNA-bound EB (10 μM EB, 60 μM DNA) in absence and presence of varying amounts of IL. (d) Melting curves of ct-DNA in buffer alone and 25, 50, and 100 mM \[Ch\] \[Gly\] IL. (e) CD spectra of 6.0 × 10^--5^ mol/L DNA in phosphate buffer (10 mM, pH 7.0) and with increasing concentrations of \[Ch\]\[Gly\] from 5 to 100 mM. (f) Emission spectra of free EB (10 μM), DNA-bound EB (10 μM, 60 μM DNA), and EB-DNA-\[Ch\] \[Gly\] system varying the amount of ILs (50 to 250 mM) to a fixed concentration of DNA-bound EB (10 μM, 60 μM DNA). (g) Stern--Volmer plot for \[Ch\] \[Gly\] IL. (h) Stern--Volmer plot for all three CAAILs. (i) Fluorescence decay profiles of free EB, EB-DNA in buffer, and EB-DNA system in the presence of 100, 200, and 300 mM \[Ch\] \[Gly\] IL.](oc-2018-00601j_0001){#fig1}

DNA Melting Study {#sec2.2}
-----------------

UV melting experiment was performed to monitor the thermal stability of ct-DNA in absence and presence of IL. Absorbance of ct-DNA at 260 nm shows hyperchromism effect with increase in temperature due to denaturation of double-stranded DNA to single-stranded DNA caused by unstacking of nucleobases during melting process.^[@ref52]^ A plot of DNA absorbance at 260 nm as a function of temperature (melting curve) in the absence and presence of various quantities of \[Ch\] \[Gly\] is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. The melting points of DNA in absence and presence of different concentrations of ILs were determined from the first derivative of absorbance (\[Ch\] \[Gly\] as an example is shown in [Supporting Information S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf)). The melting temperature of ct-DNA in the absence of IL is found to be 69.5 °C. In presence of 25 and 50 mM \[Ch\] \[Gly\] IL, the melting temperature rises to 72.4 and 74.3 °C, respectively; however, at 100 mM \[Ch\] \[Gly\] IL concentration, DNA melting point decreases to 73 °C. This shows that low concentration of CAAILs may increase DNA thermal stability, although high concentration can be effective as well. Our finding is supported by a recent simulation study by Garai et al. that shows significant increase in persistence length and stretch modulus of DNA with higher concentration of ILs.^[@ref53]^ The increased rigidity of DNA would result into a higher melting point (mp) as observed here. Melting curves of ct-DNA in the presence of \[Ch\]\[Ala\], \[Ch\]\[Leu\], and \[Ch\]\[Pro\] ILs are shown in [Supporting Information Figures S6a, S14, and S7a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf). DNA melting point increases 4--5 °C in the presence of \[Ch\] \[Gly\], \[Ch\]\[Leu\], and \[Ch\]\[Ala\], while it decreases 1--2 °C in the presence of \[Ch\]\[Pro\]. This small decrease in melting point cannot be regarded as thermal instability; even larger decrease in mp temperatures after addition of ILs is reported,^[@ref25]^ where IL is found to be effective for storage of DNA. The opposite behavior of \[Ch\]\[Pro\] than \[Ch\]\[Gly\], \[Ch\]\[Ala\], \[Ch\]\[Leu\] and other aliphatic chain CAAILs could be due to different interaction patterns within ILs as explained by Gontrani et al.^[@ref34],[@ref35],[@ref39]^ These DNA melting results cannot be attributed to groove binding only; rather, the possibility of other modes of noncovalent bindings are expected.^[@ref8]^

Circular Dichroism {#sec2.3}
------------------

CD spectrum is a useful technique to study conformational changes of optically active substances. In the CD spectrum the B form of DNA has two characteristic peaks, one positive band with maximum at 276 nm due to π--π base stacking and one negative band with maximum at 246 nm due to helicity.^[@ref54]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e shows the CD spectra of ct-DNA at various concentrations of \[Ch\]\[Gly\]. As can be noticed from the spectra, upon addition of increased concentration of IL from 0 to 100 mM, no conformational changes were observed in both the positive and negative bands of B form DNA. Very minute changes in the spectra as observed at higher concentration cannot be attributed to a drastic DNA conformational transition. CD spectra of DNA with increased concentration of \[Ch\]\[Ala\] and \[Ch\]\[Pro\] are also observed similar to \[Ch\]\[Gly\] and depicted in [Supporting Information Figures S6b and S7b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf). These unaltered CD spectra show the stability of DNA in choline amino acid ILs with noncovalent interaction. We performed measurements with the same samples one month later, and the results do not suggest any time-dependent conformational changes of DNA on addition of IL ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf), Supporting Information). Thus, it is confirmed that DNA retains its conformation in the presence of choline amino acid ILs.

Steady-State and Time-Resolved Fluorescence {#sec2.4}
-------------------------------------------

Steady-state fluorescence is routinely used as a powerful technique to characterize the nature of interaction of DNA with small molecules. Since DNA and CAAILs are not fluorescent, suitable fluorophore can be used for the same. DAPI and EB ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf)) are the two fluorophores that are used in this study for dye displacement assay experiments. These two fluorophores enhance the fluorescence intensity significantly upon binding to DNA compared to their free form. Addition of increasing amount of ILs to this DNA--dye complex can be useful to determine the mode of interaction between IL and DNA. DAPI is a minor groove binder whereas EB is an intercalator to DNA. The steady-state fluorescence spectra of EB--DNA and DAPI--DNA with increasing amounts of \[Ch\]\[Gly\] are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f and [Figure S10a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf), respectively. The decrease in fluorescence intensities of both EB-DNA and DAPI-DNA systems with an increase in the concentration of IL is observed. From UV--vis spectra it is known that CAAILs do not bind with EB and DAPI. This indicates that \[Ch\]\[Gly\] displaces the EB and DAPI molecules from their complexes with DNA. Dye displacement studies of EB-DNA-CAAILs for other two ILs as depicted in [Supporting Information Figure S9a,c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf) show similar results. Fluorescence quenching constant *K*~SV~ was calculated using Stern--Volmer equation for DNA-EB and DNA-DAPI systems taking CAAILs as quencher. *K*~SV~ for DNA-EB fluorescence emission with \[Ch\]\[Gly\], \[Ch\]\[Ala\], and \[Ch\]\[Pro\] as quencher are 0.001 91, 0.002 08, and 0.001 87 mM^--1^, respectively, first one being shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g and all three in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}h. *K*~SV~ values for all three CAAILs are very close, which indicates strengths of binding are similar for all CAAILs. Since all three CAAILs have the same cation, the anion of IL has negligible role in binding with DNA. Emission spectra with *K*~SV~ values for DNA-DAPI with all three CAAILs as quencher are shown in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf). Thus, dye displacement study confirms that CAAILs bind at minor groove of DNA as intercalator and groove binder.

Lifetime measurements for both EB and DAPI dyes complexes with DNA were performed while changing IL concentration. The fluorescence decay profiles of EB--DNA as a function of the concentration of \[Ch\] \[Gly\] are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}i, and similar decay profiles were also observed for other two ILs given in [Supporting Information S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf). The estimated decay parameters for EB-DNA and \[Ch\] \[Gly\] system are provided in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. They were obtained from exponential fits, *I*(*t*) = *a*~1~ exp(−*t*/τ1) + *a*~2~ exp(−*t*/τ2) + *a*~3~ exp(−*t*/τ~3~), where τ~1~, τ~2~, and τ~3~ are individual lifetime components, and *a*~1~, *a*~2~, and *a*~3~ are the associated amplitudes. Fluorescence decay of only EB is found to be single exponential with lifetime of 1.62 ns, and for EB-DNA the it is biexponential with lifetimes of 1.59 and 18.73 ns. The two lifetimes in EB-DNA system are due to two forms of EB-DNA bound system in absence of \[Ch\] \[Gly\] IL. In presence of IL, a short-lived third component appeared, which remains consistent with increasing concentration of IL like fluorescence emission titration. This clearly indicates the release of EB from DNA bound state by IL. Similar observations were obtained for other two ILs system as presented in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf). From similar observations of three ILs with same cation and different anions considered in this study, one could safely conclude that anions have negligible effects on DNA binding phenomena. Thus, both UV--vis and fluorescence studies clearly imply that \[Ch\]^+^ binds to DNA through intercalation as well as groove binding. The detailed binding pattern will be explained through molecular docking and MD simulations in the following section.

###### Fluorescence Decay Parameters (lifetimes in ns) of Free EB, EB-DNA in Buffer, and EB-DNA System in the Presence of 100, 200, and 300 mM \[Ch\] \[Gly\] IL

  sample                         τ~1~(*a*~1~)   τ~2~(*a*~2~)   τ~3~(*a*~3~)   χ^2^
  ------------------------------ -------------- -------------- -------------- ------
  EB only                        1.62(1.00)                                   1.25
  EB-DNA-0 mM \[Ch\] \[Gly\]     1.59(0.27)     18.73(0.73)                   1.12
  EB-DNA-100 mM \[Ch\] \[Gly\]   1.58(0.30)     19.60(0.69)    0.12(0.01)     1.00
  EB-DNA-300 mM \[Ch\] \[Gly\]   1.50(0.33)     19.42(0.66)    0.10(0.01)     1.05
  EB-DNA-500 mM \[Ch\] \[Gly\]   1.47(0.35)     19.46(0.63)    0.10(0.01)     1.08

Thermodynamic Behavior of Interaction between Ionic Liquid and DNA-EB System {#sec2.5}
----------------------------------------------------------------------------

ITC was employed to investigate the thermodynamics of ILs binding with ctDNA-EB. ITC experiments were performed for the three choline amino acid ILs of 100 mM concentration each. ct-DNA (70 μM) was maintained in the ITC cell and titrated with gradual addition of EB from the syringe, until EB concentration reached more than 10 times that of ctDNA in the cell. The integrated heat data of ctDNA-EB in absence and presence of the \[Ch\] \[Gly\] IL are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and for \[Ch\] \[Ala\], \[Ch\] \[Pro\] in [Supporting Information Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf). The thermodynamic parameters like stoichiometry (*N*), binding constant (*K*~b~), enthalpy change (Δ*H*), entropy change (Δ*S*), and free energy change or binding affinity (Δ*G*) were obtained from fitted data in each titration and are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The fitting was done with single binding site model with acceptable χ^2^ value, and a good quality fitting was obtained for 100 mM IL concentration. This concentration is sufficient to give thermodynamics of DNA-EB-IL system as evidenced from steady-state and time-resolved dye displacement fluorescence study. Stoichiometry of binding in presence and absence of ILs were found to be close to 0.5, which matches with reported binding stoichiometry of ct-DNA-EB.^[@ref28],[@ref55]^ Stoichiometry for binding of \[Ch\] \[Ala\] is found to be lowest, that is, 0.36 among other CAAILs. Binding affinity *K*~b~ for DNA-EB system in absence of CAAILs is 5.81 × 10^5^ mol^--1^, which decreased to 1.25 × 10^5^, 1.05 × 10^5^, and 0.96 × 10^5^ mol^--1^ in the presence of \[Ch\] \[Gly\], \[Ch\] \[Ala\], and \[Ch\] \[Pro\] ILs, respectively. Clearly, the binding affinities of CAAILs with ct-DNA are almost of equal strength irrespective of different anions; however, their binding affinities almost reduced to 1/5th that of EB. This is in consequence with weaker noncovalent binding of ILs with DNA than that of EB binding to ct-DNA as observed in UV--vis and fluorescence emission studies. If we compare the thermodynamic parameters in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, DNA-EB system in absence of ILs has favorable Δ*G* (−7.87 kcal mol^--1^), with more favorable enthalpic contribution Δ*H* (−6.61 kcal mol^--1^) and less favorable entropic contribution *T*Δ*S* (1.26 kcal mol^--1^). However, in the DNA-EB system in the presence of \[Ch\] \[Gly\] IL, Δ*G* remains favorable (ca. −6.9 kcal mol^--1^), but there is unfavorable entropic contribution *T*Δ*S* of −0.45 kcal mol^--1^. Similar phenomena were also observed for DNA-EB system in the presence of other two AAILs with minor reduction in Δ*G* values. Thus, in the presence of CAAILs, the system becomes more structured leading to decrease in entropy. Maiti et al. have attributed this phenomenon to the displacement of water from the spine of hydration by groove binding of choline cation in the minor groove forming a DNA-IL-EB complex surrounded by structured water molecules.^[@ref28]^ In addition, recent simulation study by Garai et al. shows significant increase in the persistence length of DNA (hence, higher rigidity) at higher concentration of ILs.^[@ref53]^ On the basis of our data, binding of CAAILs with ct-DNA is exothermic and primarily enthalpy driven with contributions from electrostatic as well as hydrophobic interactions at the minor groove, vide infra.

![ITC isotherms of EB-DNA binding in buffer and in the presence of 100 mM \[Ch\] \[Gly\] IL. (bottom) Experimental data. (top) Obtained by converting the results into molar heats and plotted against the EB to ct-DNA molar ratio.](oc-2018-00601j_0002){#fig2}

###### ITC Experimental Data Obtained from Fitting of Molar Heats Plotted against the EB to ct-DNA Molar Ratio in Absence and Presence of CAAILs

                                        *K*~b~ × 10^5^   Δ*H*     *T*Δ*S*   Δ*G*
  ----------------------- ------------- ---------------- -------- --------- --------
  0 mM \[Ch\] \[AA\]      0.45 ± 0.01   5.81 ± 0.47      --6.61   1.26      --7.87
  100 mM \[Ch\] \[Gly\]   0.45 ± 0.01   1.25 ± 0.13      --7.41   --0.45    --6.96
  100 mM \[Ch\] \[Ala\]   0.36 ± 0.01   1.05 ± 0.10      --8.75   --1.90    --6.85
  100 mM \[Ch\] \[Pro\]   0.41 ± 0.01   0.96 ± 0.05      --7.51   --0.71    --6.8

Microscopic View: Field Emission Scanning Electron Microscopy Study {#sec2.6}
-------------------------------------------------------------------

DNA-IL interaction morphology can be probed by field emission scanning electron microscopy (FE-SEM). All the FE-SEM samples were prepared in phosphate (10 mM, pH 7.0) buffer. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, DNA appears in coiled form in buffer alone. With the addition of 60 mM CAAILs, the coiled structure changed to different morphology with different binding pattern as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--d. Similar aggregation pattern of IL with DNA was observed for \[Ch\] \[Ala\] and \[Ch\] \[Pro\] ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d), whereas a little stronger aggregation is observed in case of \[Ch\] \[Gly\] ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) as indicated in ITC study. This change is minute, which does not affect the binding strength and is consistent with the statement that anions of CAAILs have negligible effect on binding to DNA.

![Microscopic FE-SEM images (a) only 60 μM ct-DNA in 10 mM phosphate buffer, (b) 60 μM ct-DNA in the presence of 60 mM \[Ch\] \[Gly\], (c) 60 μM ct-DNA in the presence of 60 mM \[Ch\] \[Ala\], (d) 60 μM ct-DNA in the presence of 60 mM \[Ch\] \[Pro\].](oc-2018-00601j_0003){#fig3}

Molecular Docking Studies {#sec2.7}
-------------------------

Molecular docking can be used to gain insight into the mode and strength of biomolecular interaction at the molecular level.^[@ref56]−[@ref60]^ In the present work, we tried to interpret the binding mechanism and strength of CAAIL with DNA through molecular docking studies by using AutoDock Vina program.^[@ref61]^ EB dye was also tested with DNA-CAAIL to correlate with the ITC experimental data. When CAAIL and EB were docked separately with ct-DNA, both prefer to bind at minor groove of DNA as revealed from the energetically most favorable conformation of the docked pose ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b). All three CAAILs \[Ch\]\[Gly\], \[Ch\]\[Ala\], \[Ch\]\[Pro\] were docked separately with DNA, but in all cases cholinium ion binds through the minor groove of DNA irrespective of anion as inferred by fluorescence emission and ITC studies. The binding energy of the docked structure ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) was found to be −3.9 kcal/mol for all three DNA-CAAIL interacting systems. Similar to ITC result, −7.4 and −6.8 kcal/mol binding energies were obtained for DNA-EB ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) and DNA-EB-CAAIL ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c) , respectively. Similar results from ITC and docking studies reveal that the binding energy of DNA-CAAIL interacting system (−3.9 kcal/mol) as obtained from docking result is reliable. In DNA-CAAIL interaction, the O--H of cholinium ion forms O--H···N hydrogen bonds with DNA bases  and alkyl groups of cholinium binds with DNA through hydrophobic interaction. The low value of interaction (−3.9 kcal/mol) is productive, since it will ameliorate in extraction of DNA.

![Molecular docking (a) cholinium ion interaction at minor groove of DNA, (b) EB interaction at minor groove of DNA, (c) both EB and cholinium interact at minor groove of DNA.](oc-2018-00601j_0004){#fig4}

To check the purity level of extracted DNA from IL solution, we followed the extraction process as per the cited method.^[@ref62]^ More than 80% DNA was recovered from IL solution with high purity. Purity was tested with both UV--vis and CD spectra (see [Figures S15 and S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00601/suppl_file/oc8b00601_si_001.pdf)). The ratios of absorbance from 260 to 280 nm for both standard and purified DNA were found to be more than 1.8, which shows high purity level of DNA. CD spectra of purified DNA also show no change in conformer of DNA. The decrease in binding energy of DNA-EB interaction with addition of CAAIL is the result of weak noncovalent bonding of CAAIL with DNA compared to EB. Thus, on the basis of the experimental and docking results, it can be concluded that the cationic part of the CAAILs irrespective of anions interacted through minor grooves and formed electrostatic hydrogen bonds as well as hydrophobic interaction.

Molecular Dynamics Studies {#sec2.8}
--------------------------

The MD simulation of the DNA-CAAIL ligand system in aqueous medium was performed to investigate the structural dynamics of the DNA--ligand interaction, as well as the relative population of various modes of binding of the ligand. Mojca et al.^[@ref63]^ in their recent article showed the influence of charge density of ionene in the stability of DNA and found negligible effect of ionene anion on DNA binding by combined study of experimental and theoretical calculation. Chandran et al.^[@ref9]^ through spectroscopic and MD simulation results suggest that electrostatic, hydrophobic, and polar interactions of IL cations play significant role in DNA stability. In this work, we elucidate the binding mechanism of CAAILs with DNA using 400 ns long simulation trajectory. During the 400 ns simulation the CAAIL cation frequently approaches the DNA surface and often binds the minor groove. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, we monitored various structural and thermodynamic parameters with time to dissect the nature of the DNA-IL interactions. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows the time evolution of minimum (proximal) distance (*r*~min~) between the DNA and ligand. Very small values (*r*~min~ \< 0.3 nm) indicate the ligand being very close to the DNA surface or being bound to it. During the first ∼230 ns the ligand attaches and detaches to the DNA surface intermittently, but it is found to be strongly bound to DNA during 230--350 ns. The lifetime of a bound state can vary from a few nanoseconds to 100 ns depending on the binding location signifying heterogeneity in binding mode as well as affinity.

![Time evolution of (a) the minimum (proximal) distance between DNA and the CAAIL cation, where r~min~ \< 0.3 nm signifies ligand being at the DNA surface, (b) number of water molecules within 0.3 nm of the CAAIL cation, where large values indicate fully solvated ligand in the bulk water phase, and lower values (\<10) signify a desolvated buried state, and (c) number of hydrogen bonds between the DNA and CAAIL cation. (d) Time evolution of the nonbonded interaction energies between CAAIL cation and its surrounding. The Lennard-Jones (LJ) and electrostatic (Elec) interactions were calculated with everything else (including DNA, water, and ions) within a 2 nm cutoff radius of the cation. The black, red, and blue lines depict the LJ, electrostatic, and total energy, respectively. The data were locally averaged over 20 ps stretch for obtaining smoother curves.](oc-2018-00601j_0005){#fig5}

To further elucidate the nature of the bound states, we monitored (i) the number of water molecules within 0.3 nm of the ligand ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) and (ii) the number of hydrogen bonds between DNA and ligand ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). This combined set of parameters clearly established the highly multimodal nature of the DNA-ligand interactions in agreement with the experimental results. The fluctuations in the number of water molecules show that during the first 230 ns of the trajectory the ligand stays predominantly on the surface, whereas it drops drastically during the 230--350 ns stretch, which corresponds to a deeply buried (in minor groove) desolvated state with very high lifetime (\>100 ns). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c shows that, even when the ligand stays near the surface (\<230 ns), there is frequent H-bond formation with DNA (mostly negatively charged phosphate groups). The number of H bonds fluctuates between 1 and 2 even in the minor groove bound stable state.

The above discussion clearly establishes the strong heterogeneity in the binding modes that include a desolvated minor groove bound state, as well as electrostatically stabilized surface bound states (H-bonded). We further dissected the various modes of binding from the simulation trajectory, and a few representative snapshots are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows a representative snapshot of the surface-bound ligand, where the cation is H-bonded to the phosphate group of DNA. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b--d depicts the most dominant mode of binding in the minor groove. This is primarily dictated by the hydrophobic effects of the large size of the CAAIL cation, which tends to bury itself in the minor groove (supported by the dramatic desolvation as observed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). These modes are further stabilized by hydrogen bonding between the OH group of choline and either phosphate oxygen or bases of DNA.

![Representative snapshots of dominant binding modes of CAAIL cation with DNA. (a) A state where the cation binds to the DNA surface through H-bonding interaction with the phosphate group. (b--d) Depictions of various possible H-bonded interactions while the cation is deeply buried in the minor groove.](oc-2018-00601j_0006){#fig6}

Subsequently, we analyzed the nonbonded interactions of the cation ligand with its surrounding. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d shows the time evolution of both the short-range LJ and electrostatic interaction components. On comparison with [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--c, we can clearly establish that the minor groove bound state observed in the 230--350 ns stretch has the most favorable nonbonded interaction energy (ca. −80 kcal/mol), whereas in the fully detached (unbound) state the energy value is ca. −60 kcal/mol. Note that the intermittent appearances of the surface-bound states (\<230 ns) are associated with quite favorable interaction energy due to the electrostatic interactions although not as low as the minor groove bound states. Interestingly, the LJ interactions seem to significantly contribute toward the high affinity of the minor groove bound state. Our analysis seems to indicate that the experimental measurement of binding affinity would have contributions from both the surface-bound states (with considerable electrostatic stabilization) as well as minor groove bound state stabilized by the van der Waals and hydrophobic interactions.

Conclusions {#sec3}
===========

The binding characteristics and molecular mechanism of CAAILs with DNA were explored by various experimental techniques, molecular docking, and molecular dynamics simulation. The unperturbed CD spectra of DNA with increasing concentration of CAAILs and MD simulation results confirm the stability of DNA with no conformational change in DNA. The molecular interactions of ILs at minor groove of DNA via electrostatic, hydrogen bonding, and hydrophobic interactions were revealed through UV--vis spectra, fluorescence dye displacement study, molecular docking, and MD simulations. From ITC and molecular docking study, binding energy of EB dye with DNA is found to be ∼8 kcal/mol, which decreased to ∼7 kcal/mol with addition of ILs. This indicates extrusion of EB from DNA binding site by IL and weaker binding of IL with DNA. The low binding energy (4 kcal/mol) of CAAILs with DNA can be useful in back extraction of DNA. Thermal stability of DNA was also explored with melting point experiment that seems to be promising. MD simulations show the presence of strong heterogeneity in the binding modes and nature of interactions stabilizing the various modes. There are surface-bound states stabilized by electrostatic interactions and H-bonding with the phosphate groups, as well as the minor groove bound modes stabilized by van der Waals and hydrophobic interactions predominantly. On the basis of the experimental and theoretical evidence, it is concluded that CAAILs can bind DNA through choline cation irrespective of the anions taken in this study. The significance of this study lies in the fact that CAAILs were synthesized based on the principle of green chemistry and found to be completely non-cytotoxic with useful water as byproduct. The eco-friendly and non-cytotoxic nature of CAAILs could be useful in DNA binding, their extraction, and safe storage of genetic blue prints for future and can also guide the researchers in designing new bio-ILs.
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Supplementary Material
======================

###### 

oc8b00601_si_001.pdf

The authors declare no competing financial interest.

The authors thank Dr. Y. S. Chaudhary and Dr. U. Subudhi for their help in carrying out some experiments in their laboratory. H.S.B. acknowledges financial support from Department of Atomic Energy, Government of India.
